Previous theoretical and numerical studies [Y. M. Shin, Appl. Phys. Lett. 92, 092501, and 93, 221504 (2008)] have reported that a planar micro-channel with an asymmetric corrugation array supports strongly confined propagation of broadband THz plasmonic waves. The highly broad spectral response is experimentally demonstrated in the nearTHz regime of 0.19 ~ 0.265 THz. Signal reflection and transmission tests on the three designed micro-channels including directional couplers resulted in a full-width-halfmaximum (FWHM) bandwidth of ~ 50 -60 GHz with an insertion loss of ~ -5 dB, which is in good agreement with simulation data. These micro-structures can be utilized for free electron beam and electronic/optic integrated devices.
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Recently, considerable amount of attention has been focused on terahertz (THz) technology 1 -3 since this spectral regime has invaluable scientific potential due to its unique physical nature. Practically powerful generation and sensitive detection of THz signals have, however, been the most challenging issues due to the absence of an appropriate EM-wave control methodology in the physical limit between electronics and optics 4 -8 . Various techniques based on optics and solid-state electronics have been adopted; however, the metallic guiding approach is still one of the most efficient ways to control high energy EM flows in the THz regime. In many cases, THz sources and detectors utilize metal RF components such as waveguides and cavities as their resultant energy loss is relatively lower than electronic transport in a medium. In particular, free electron beam coherent radiation sources 9 such as traveling wave tubes and klystrons need to minimize energy losses in order to maximize RF-beam energy conversion.
Evanescent wave propagation becomes strongly attenuated if impedance mismatching and/or surface asperity is present along the surface current paths, so that the signal response of confined EM waves can be significantly weakened depending upon frequency-dependent matching condition. Efficient energy transfer of multichromatic plasmons is thus prerequisite for developing THz passive and active devices with high SNR. Most recently, preliminary studies 10 -13 showed that insertion of staggered double grating arrays into the TE-mode waveguide distorts its dispersion relation, thereby significantly broadening the intrinsic bandwidth. This prior work demonstrated that this structure supports ~ 30 % instantaneous bandwidth with ~10 -12 dB/cm signal transmission. However, this broadband response has not heretofore been experimentally demonstrated in the THz regime.
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This paper presents test results of the proposed slow wave structure (SWS) in the THz region together with comparisons with simulation results. For the experiment, three types of the designed structure are fabricated by microelectromechanical system techniques such as ultraviolet (UV) LIGA (lithography, electroplating, and molding, German acronym) 14 -16 and ultra-precision nano-machining 17, 18 . The actual field distribution corresponding to the measured frequency points is reproduced by finite-integraltechnique simulations 19 .
A symmetrically paired grating array in the TE-mode waveguide has an out-of-phase transverse distribution of axial electric fields, Ez, in the fundamental passband (1 st plasmonic band) that is decoupled with the electrons. In the structure, the axial fields on the top and bottom gratings cancel each other out, so that the destructive field confinement results in no energy transfer to the electron beam. However, half period staggering of the two grating positions renders the transverse distribution in-phase, which thereby creates constructive field confinement in the axial direction. In Fig. 1(a) , the top and bottom vanes shifted off by a half period convert field-orientation of the fundamental (1 st ) passband in-phase. Simulation modeling analysis in prior work 10 -13 showed that the polarization shift is ascribed to serpentine motion of the evanescent fields between vanes in the beam channel. In fact, the asymmetry imposes in-phase polarity on the eigenmodes of higher order passbands. to, infinity at cutoffs where the group velocities vanish owing to standing wave formation.
Multi-chromatic excitation of non-radiative modes in the micro-channel is enabled when characteristic impedance of external loads is matched with the ones of the SWS over the broad bandwidth. Normally, intrinsic wave impedance varies appreciably around the stop-bands, so that coupling efficiency falls off considerably as frequency approaches cutoffs of the forbidden energy bands. Furthermore, sub-wavelength structures become heavily lossy with an increase of frequency since the surface current area is effectively enlarged if structural dimensions are smaller relative to wavelengths (de-homogenization effect), increasing RF ohmic losses. The quasi-optical matching design using asymmetric alignment is thus effective to minimize THz attenuation over a wide spectrum.
In the experiments, we tested three types of micro-channels with (a) tapered straight couplers, Test results could be improved further by completely shielding all of the electronic components.
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THz device elements need to be densely integrated in a small volume, so that they can be configured with complex features such as bends and twists, which can lead to intense energy loss and narrowing of intrinsic matching bandwidth. For the multi-chromatic external coupling of the SWS, we designed an L-bend directional coupler with the tapered vane arrays, as shown in Fig. 3(a) , which replaces the straight coupler of Fig. 2(a) . three-dimensional and is fabricated by the nano-machine 17, 18 . The ultra-precision machine enables extremely high dimensional accuracy and surface smoothness by using diamond drills to make the vane pockets on the tapered waveguide. The scanningelectron-microscope (SEM) image in Fig. 3(b) indicates that the dimensional accuracy is less than 1 µm and that the surface finish on the sidewall is ~ 100 nm. Note that for the sake of fabrication convenience, the test waveguide sample is machined to be split along the H-plane which coincides with the maximum surface current. The H-plane split of waveguide components ("bad" plane) is uncommon in the manufacturing of commercial waveguides, as electrical segregation of the H-field maximum plane through which most of the RF surface current flows can cause a considerable amount of signal loss. However, diffusion bonding in a hydrogen furnace completely seals up gaps between the two circuit halves, leaving current paths over the sidewall surface intact. In Figs. 3(c) and (d), the experimental reflection and transmission spectra of the experimental data appear to be well matched with simulation data (within ~1 -2 dB). While the adiabatic transition of the optical impedance of the designed coupler assists in compensating for falloff of the passband at the upper cutoff, the lower-cutoff mismatch results from fabrication errors.
Unlike the lithographically fabricated test sample with the rectangular shapes in Fig. 2 , the diamond drills left rounded corners on the nano-machined waveguide in Fig. 3 , which thereby up-shifts the dynamic spectra by a few GHz. Nevertheless, the experiment agreed very well with the simulation since the numerical model was designed in consideration with the rounded corners. 
